Epidemiological studies have reported associations of air pollution exposures with various neurodevelopmental disorders such as autism spectrum disorder (ASD), attention deficit and schizophrenia, all of which are malebiased in prevalence. Our studies of early postnatal exposure of mice to the ultrafine particle (UFP) component of air pollution, considered the most reactive component, provide support for these epidemiological associations, demonstrating male-specific or male-biased neuropathological changes and cognitive and impulsivity deficits consistent with these disorders. Since these neurodevelopmental disorders also include altered social behavior and communication, the current study examined the ability of developmental UFP exposure to reproduce these social behavior deficits and to determine whether any observed alterations reflected changes in steroid hormone concentrations. Elevated plus maze, social conditioned place preference, and social novelty preference were examined in adult mice that had been exposed to concentrated (10-20x) ambient UFPs averaging approximately 45 ug/m 3 particle mass concentrations from postnatal day (PND) 4-7 and 10-13 for 4 h/day. Changes in serum testosterone (T) and corticosterone where measured at postnatal day (P)14 and approximately P120. UFP exposure decreased serum T concentrations on PND 14 and social nose-to-nose sniff rates with novel males in adulthood, suggesting social communication deficits in unfamiliar social contexts. Decreased sniff rates were not accounted for by alterations in fear-mediated behaviors and occurred without overt deficits in social preference, recognition or communication with a familiar animal or alterations in corticosterone. Adult T serum concentrations were positively correlated with nose to nose sniff rates. Collectively, these studies confirm another feature of male-biased neurodevelopmental disorders following developmental exposures to even very low levels of UFP air pollution that could be related to alterations in sex steroid programming of brain function.
Introduction
Autism spectrum disorder(s) (ASDs) are a group of profound, intractable, and highly heterogeneous neurodevelopmental disorders that impact 1 in 68 children and result in lifelong behavioral deficits including impairment in communication, social interaction, and repetitive/stereotyped behaviors (Neggers, 2014) . Identification of specific environmental etiological risk factors for ASDs remains elusive, in part due to this heterogeneity. Although it is clear that genetics contributes to the development of ASD (Huguet et al., 2013) , it is also recognized that genetics cannot fully account for the disorder, especially in light of its rising incidence over recent decades (Neggers, 2014; Hertz-Picciotto and Delwiche, 2009; Bertoglio and Hendren, 2009; Matson and Kozlowski, 2011; Atladottir et al., 2014; Taylor et al., 2013) . Additionally, this rising incidence can only partially be explained by changes in diagnostic criteria. This has increased consideration of a potential involvement of environmental factors, including environmental chemical exposures, in the etiology of ASD (Fombonne, 2009) .
A compelling case for the involvement of early life air pollution (AP) exposures and ASD is suggested by a growing number of epidemiological studies (Volk et al., 2013 (Volk et al., , 2014 (Volk et al., , 2011 Becerra et al., 2013; Jung et al., 2013; Roberts et al., 2013a; Windham et al., 2006; Kalkbrenner et al., 2010) . AP has also been linked to impaired cognitive abilities (Wang et al., 2009; van Kempen et al., 2012) , and attention-related deficits (Siddique et al., 2011) as well as to schizophrenia (Duan et al., https://doi.org/10.1016/j.neuro.2018.08.009 Received 9 July 2018; Received in revised form 20 August 2018; Accepted 20 August 2018 2018; Eguchi et al., 2018; Yackerson et al., 2013; Pedersen et al., 2004) , notably all neurobehavioral disorders with male-biased prevalence rates. These disorders also frequently include abberant social behaviors. Diagnosis of ASD is premised on altered behaviors, including alterations in social interactions and communication (Bhat et al., 2014) . Deficits in social cognition are also pervasive in schizophrenia (Mier and Kirsch, 2017) , while aterations in social skills also characterize attention deficit hyperactivity disorders (Kulkarni, 2015) .
These epidemiological asssociations between AP and characteristics of male-biased neurodevelopmental disorders are also seen in our studies of developmental exposures of mice to UFPs in the early postnatal period, a time considered equivalent to human 3 rd trimester brain development (Clancy et al., 2007a,b; Rice and Barone, 2000) that produce characteristics reminiscent of ASD preferentially and persistently in males (e.g., altered dopamine/glutamate function, excitatory/inhibitory imbalance, glial activation/cytokine release, reductions in white matter and size of the corpus callosum, ventriculomegaly). This male bias is consistent with the male prevalence in autism spectrum disorder (Baio et al., 2018) , findings also observed in other neurodevelopmental disorders such as attention deficit hyperactivity disorder, tic disorder, obsessive-compulsive disorder and in many studies, schizophrenia (Kern et al., 2017; Abel et al., 2010) . Such male-sensitivity raises questions regarding the extent to which endocrine active chemical (EAC) contaminants of AP may play a key role. AP is a complex mixture that includes particles, gases (CO 2 , CO, NO, ozone, SO 2 ) and adsorbed volatile organic and inorganic contaminants, such as metals and trace elements (Friedlander, 1973) with specific contaminants differing by geography, climate, season, weather conditions, etc. Consideration of the health consequences of AP exposures are typically related to the size of the particulate matter (PM) that are designated as coarse (< 10 μm or PM 10 ), fine (< 2.5 μm or PM 2.5 ), or ultrafine particles (UFP; < 100 nm or 0.1 μm). UFPs are of particular concern as the most reactive component (Oberdorster et al., 1994; Brown et al., 2001) , likely due to their greater surface area/mass ratio for contamination by organic and inorganic adherents (Lin et al., 2005) . EACs such as polychlorinated biphenyls, polybrominated diphenyl ethers, metals, phthalates, and certain pesticides are reported in indoor and outdoor environments that can target early organizational hormone patterns critical for brain development (de Cock et al., 2012; Tareen and Kamboj, 2012; Rudel and Perovich, 2009) . Further, many metal and trace element contaminants of AP also have endocrine-related effects (Rana, 2014) .
The male biased neurotoxicity of early postnatal exposures to UFPs in our studies (Allen et al., 2013 (Allen et al., , 2017 (Allen et al., , 2014a also raises the issue of whethe AP alters steroid hormones. Inappropriate levels of perinatal testosterone (T) have been posited to play an etiological role in attention deficit hyperactivity disorder and in ASD (James, 2008; King et al., 2000 King et al., , 1999 . In rodents, T excretion from leydig cells begins around gestational day (GD) 15, increases on GD17 and GD19, and surges within hours of birth and continues into the early postnatal period (Scott et al., 2009) . T is critically important for sexual differentiation of the brain (Auyeung et al., 2013; Fitch et al., 1991; Chura et al., 2010; Moffat et al., 1997; Lenz and McCarthy, 2014; Lenz et al., 2013) . ASD incidence has been linked to androgen-sensitive reproductive malformations (Rzhetsky et al., 2014; Butwicka et al., 2015) and children of women with hyper-androgenic PCOS have higher ASD assessment scores (Ingudomnukul et al., 2007; Palomba et al., 2012) . Increases in prenatal T correlate with poor eye contact, social relationship quality, and higher ASD assessment scores, however, adult T levels show inconsistent, even negative correlations with ASD in humans (Schaafsma and Pfaff, 2014; Croonenberghs et al., 2010) . Increasingly, evidence suggests that developmental air pollution exposures can alter sex hormone function and adult social behaviors in rodent models. For example, increased T biosynthesis was found in adult rodents exposed to diesel exhaust that was likely due to increased expression of testicular cholesterol synthesizing enzymes (Li et al., 2012) . Inhalation of diesel exhaust particles during gestation increased T in pregnant rat dams for up to 3 weeks after birth, suggestive of an alteration in aromatase activity (Watanabe and Kurita, 2001) , causing fetal masculinization and increasing anogenital distance in both male and female offspring, a measure of prenatal androgen exposure (vom Saal et al., 1990 ). Furthermore, studies have reported that diesel exhaust increases testes weight, spermatogenesis, and serum T levels (Yoshida et al., 2006; Ono et al., 2008) .
Collectively, the above raises questions as to whether early postnatal UFP exposures recapitulate the social behavioral deficits seen in these neurodevelopmental disorders in addition to the many neuropathological, neurochemical and behavioral features already observed. In addition, many such neurodevelopmental disorders are male-biased. To address this hypothesis, we expanded our behavioral assessment in this study to include a battery of social behaviors, specifically social preference, recognition and communication. In addition, levels of serum T and another steroid hormone, corticosterone, were measured at PND14 (i.e., immediately following developmental UFP exposures), as well as in adulthood, to determine whether potential steroid hormone mechanisms might be impacted and/or contribute to any observed alterations in social behaviors.
Materials and methods

Animals and husbandry
Eight week old male and female C57BL/6 J mice obtained from Jackson Laboratories (Bar Harbor, ME) were bred using a monogamous pairing scheme. Male and female (n = 35 pairs) mice were paired for 3 days, after which males were removed from the home cage. Pregnant dams (n = 24) remained singly housed throughout weaning. On average, litters contained (mean ± SD) 5.91 ± 1.56 pups with (mean ± SD) approximately 45 ± 22% males. Litter sizes ranged from 4 to 8 pups. To decrease inter-litter variability, treatment groups were counterbalanced against litter size and each litter had an allocation of both UFP and filtered air exposed pups. To preclude litter specific effects, pups were randomly allocated to each of the 4 treatment groups (male-Air, male-UFP, female-Air, female-UFP) when possible. Upon weaning at PND25, male and female progeny were housed in same sex pairs in a vivarium room maintained at 22 ± 2°C with a 12-h light-dark cycle (lights on at 0700 h). Labdiet Rodent 5001 diet was provided ad libitum. All experiments were carried out according to NIH Guidelines and were approved by the University of Rochester Medical School University Committee on Animal Resources.
Air pollution exposure
Offspring (n = 8-12/treatment group/sex) were exposed to UFPs or HEPA-filtered (99.99% effective) room air in compartmentalized whole body inhalation chambers over PNDs 4-7 and 10-13 for 4 h/day between 0700-1300 hours corresponding to high levels of vehicular traffic near the ambient air intake valve. This time period is equivalent to human third trimester in terms of brain development (Clancy et al., 2007a; Rice and Barone, 2000; Clancy et al., 2007c) and was chosen as it encompasses a period of marked neuro-and gliogenesis (Bandeira et al., 2009) . Pups were removed from dams to prevent mothering behavior (e.g. nose-to-fur huddling) from impacting exposures for both filtered air and UFP-exposed offspring, and thus maternal separation or milk deprivation effects were comparable across treatment. No gross differences in maternal care by treatment were observed after cessation of exposure. Exposures were carried out using the Harvard University Concentrated Ambient Particle System (HUCAPS) as described previously in detail (Allen et al., 2013) . Briefly, the HUCAPS system concentrates ambient ultrafine particles from a nearby highly trafficked roadway to approximately 10 times that of ambient air and delivers them to compartmentalized whole-body inhalation chambers. The natural variability in ambient air in these exposures represents the realworld nature of the air pollution exposure. Particle counts were obtained using a condensation particle counter (model 3022 A; TSI, Shoreview, MN) and mass concentration was calculated using idealized particle density of 1.5 g/cm 3 . Both UFP and Air mouse exposure chambers were maintained at 77-79°F and 35-40% relative humidity.
Quantification of exposure
As shown in Fig. 1 , ambient outdoor UFP counts ranged from approximately 10,000-27,000 particles/ cm 3 and were concentrated giving rise to UFP exposure particle count concentrations averaging approximately 50,000 particles/cm 3 . Particle mass concentrations ranged from 40 to 60 μg/m 3 , averaging approximately 45 μg/m 3 across days. Concentrated particle counts showed a wide range, consistent with intra-and inter-day real-world variability, and averaged between 17,215 to 83,378 particles/cm 3 . In addition, particle size distribution confirmed that particles were, as expected, below 100 nm, as in our prior studies (Allen et al., 2013 (Allen et al., , 2014d .
Behavioral methods
All behavioral assays were video recorded and scored by an observer blinded to the treatment groups using Observer XT 13.0 (Noldus).
Social conditioned place preference (SCPP)
SCPP testing occurred in a three-chambered polycarbonate box (63 cm x 27 cm x 31 cm) using two groups of animals (denoted as squad 1 and squad 2). One chamber was wall papered with vertical and a second chamber was wall papered with horizontal black and white stripes. In a manner counter-balanced across individuals, both for side and paper orientation, one chamber was designated as the social chamber, while the other was designated as the solitary chamber. Testing consisted of two phases, training and preference testing. Training occurred for 10 min a day for 10 days. During this training period, mice could choose between the side chamber that contained its cagemate (placed under a wire cup) or the side chamber that contained only an empty wire cup. For the preference test, both side chambers were empty, and mice were returned to the center arena, and their subsequent preference behavior videotaped and scored for the next 5 min. Data collected include: individual's first choice, latency to make first choice, total duration in each chamber and number of entries into each chamber. A Social Preference Index was calculated using the following equation:
Social novelty preference (SNP)
SNP was conducted in two phases, in a three-chambered polycarbonate box (63 cm x 27 cm x 31 cm) and used a separate squad of mice. Mice were first habituated to the chambers by being placed in the center chamber and given 10 min to explore the apparatus with empty, identical, wire cups in each adjacent chamber. The habituation period was followed by two testing phases: sociability and social novelty. In the sociability phase, mice were placed in the center chamber of the three-chambered polycarbonate box with a novel object (rubber duck) place under one wire cup in one dise chamber and a novel C57Bl/6 age and sex-matched mouse placed under the second cup in the opposite side chamber. In the social novelty phase, mice were returned to the chamber with a new novel sex-matched mouse and a familiar one under the wire cups. All phases were 10 min long and video recorded. Scoring codes included time spent in each chamber, time spent exploring each cup, and nose-to-nose sniffing. Time spent with cup was defined as: mouse facing cup, nose touching or sniffing the cup within a 2 cm boundary. Mice engaged in a particular greeting behavior, nose-to-nose sniffing. Nose-to-nose sniffing was defined as both mice point towards each other, noses touching, sniffing (see supplemental video 1). A social recognition index and nose-to-nose sniff rate was calculated for the second and third phases as follows: The placement of mice (novel/familiar) and novel object were counterbalanced across individuals. Naïve animals were used in all testing phases.
Elevated plus maze (EPM)
Mice were placed in the center of the maze, and each session was 5 min in duration. Scoring codes included entries into and time spent in the open arms, center and closed arms of the maze.
Serum testosterone and corticosterone determinations
Blood was collected immediately after exposure on PND14 and also after the conclusion of social behavior testing (at approximately 12 months of age). Mice were weighed and then sacrificed by cervical dislocation without the use of sedatives and fresh brains removed and hemisected. Upon sacrifice, trunk blood was collected. Whole blood was collected into pre-chilled centrifuge tubes and centrifuged for 20 min at 3500 g for 20 min to obtain serum. Serum samples were stored at −20°C until day of assay. Serum T and corticosterone were measured in duplicate using commercially available Enzyme immunoassay kits (testosterone: ALPCO, Salem, NH, USA; corticosterone: Arbor Assays, Ann Arbor, MI, USA), according to manufacturer's specifications. Sample replicates with CV's higher than 15% were excluded from analysis (two adult male samples were excluded).
Statistical analyses
As our prior studies demonstrated robust sex-specific effects of AP (Allen et al., 2017 (Allen et al., , 2014a , statistical analyses were conducted separately by sex if a significant main effect of sex or interaction of sex by treatment was confirmed in statistical analyses. If so, one-way ANOVAs for treatment group (UFP and AIR) were used to analyze testosterone, corticosterone, and social novelty preference assays. Two-factor ANOVAs were used to analyze elevated plus maze and social conditioned place preference assays with treatment (UFP and AIR) and sex (male and female) as between group factors, with subsequent post-hoc tests (student's t-test) as appropriate dependent upon interaction outcomes. Outliers were removed following a statistically significant Grubb's test (Graphpad Software Inc.). Statistical analyses were conducted using JMP Pro 13.0 (SAS Institute Inc., Cary, NC, USA). P values < 0.05 were considered statistically significant, while near significant values (p values ≤ 0.06) are also indicated.
Results
Serum testosterone and corticosterone concentrations and body weight
Control males had significantly higher T levels than control females at PND 14 ( Fig. 2A: F (1, 19) = 4.8, p < 0.04). UFP-exposed males did not have higher T levels than UFP-exposed females ( Fig. 2A: F (1,  19) = 0.32, p = 0.58). UFP exposed male mice, at PND 14, showed significantly decreased T levels compared to control males ( Fig. 2A: F  (1, 19) = 5.87, p = 0.026). There were no treatment-related differences in females ( Fig. 2A: F (1, 20) = 0.02, p = 0.87). At PND 120, the trend towards higher T levels in UFP-exposed males remained, but was not statistically significant (Fig. 2B: F (1, 20) = 1.18, p = 0.29) even with removal of two samples in the UFP-exposed males with high serum T concentrations (F (1, 18) = 2.4, p = 0.14).
Corticosterone concentrations were not changed by UFPs at PND 14 or in adulthood (Fig. 2C and D and male (blues) mice exposed to either filtered air or UFPs. Adult serum testosterone concentrations were measured at PND14 (A; n = 10-11/group) and in adulthood (B) (n = 10/group). UFP-exposed males showed decreased T levels immediately following exposure, but reductions were not found in adulthood. At PND14, there was no change in testosterone concentrations in either sex (n = 9-10/group).; however there was a slight trend towards a UFP-induced increase in corticosterone concentrations in females in adulthood (C and D) (n = 6-12/group).
Elevated plus maze
There was a significant interaction between sex and treatment for number of entries into the closed arms of the EPM (Fig. 3A: F (3, 42) = 5.7, p < 0.02) that was due to the greater number of entries into open arms by males (Fig. 3B , F (3, 42) = 7.59, p < 0.01). Therefore, separating by sex, UFP-exposed males had an increased number of entries into the closed arms, though it failed to reach significance ( Fig. 3A: F (1, 22) = 3.7, p = 0.06). However, for entries into the open arms, there were no significant treatment-related differences for males or females ( 
Social conditioned place preference
There were no significant reductions in social preference conditioning following UFP exposure, as measured by duration of time spent (Figs. 4A and C: Squad 1: F (1, 21) = 0.44, p = 0.51; Squad 2: F (1, 23) = 2.5, p = 0.12) or in the number of entries into the social chamber (Figs. 4B and D; Squad 1: F (1, 21) = 0.65, p = 0.42; Squad 2: F (1, 23) = 0.01, p = 0.98). While UFP-treated females in squad 2 showed no significant changes in social preference index counts in the social chamber (Fig. 4D ), there were increased entries into the social chamber for Squad 1 (Fig. 4B) 
Three-chambered social novelty preference
Social novelty testing occurred in two testing phases: sociability testing and novelty testing. In the sociability phase, mice were placed in the center chamber of the three-chambered polycarbonate box with a novel object (rubber duck) place under one wire cup in one side chamber and a novel C57Bl/6 age and sex-matched mouse placed under the wire cup in the opposite side chamber. In the social novelty phase, mice were returned to the chamber with a new novel sex-matched mouse and a familiar one under the wire cups.
In the sociability testing phase, UFP exposed females trended towards spending more time investigating the novel mouse cup, but it failed to reach statistical significance (F (1, 19) = 4.0, p = 0.06) and social sniffing was not altered during the sociability phase (F (1, 19) = 2.2, p = 0.15). During the social novelty phase, social nose-tonose sniffing was not altered by UFPs in female mice, either in the presence of a novel or a familiar mouse (Fig. 5A and B, respectively: novelty testing: novel mouse: F (1, 19) = 0.38, p = 0.54; familiar mouse: F (1, 19) = 0.95, p = 0.34), and the recognition index during the social novelty phase was not affected (duration: F (1, 19) = 1.38, p = 0.25).
During the sociability phase, UFP-exposed males spent less time exploring the novel mouse (F (1, 22) = 6.0, p = 0.02) and had a decreased nose-to-nose sniff rate with the novel mouse (F (1, 22) = 5.1, p = 0.03). In the social novelty phase, UFP-exposed males again showed reductions in nose-to-nose sniff rate with a novel mouse (Fig. 5C: F (1, 22) = 4.7, p = 0.04), as well as a reduction in duration of time spent with the cup housing the novel mouse (Fig. 5E ), while there were no significant differences in nose-to-nose contact with the familiar mouse ( Fig. 5D: F (1, 22) = 0.01, p = 0.92). All males were able to recognize the novel males, as there were no significant difference in the recognition index for UFP-exposed males compared to controls ( To determine whether T levels may play a role in social novelty preference, correlations between adult serum T levels and nose-to-nose sniff rates were carried out. These analyses suggest that serum T is associated with male nose-to-nose sniff rates when males are investigating a novel male ( 
Discussion
Epidemiological evidence suggests that poor air quality may contribute to the etiology of sex-biased neurodevelopmental disorders and cognitive deficits in children, including ASD, attention-like deficits, schizophrenia and others, many of which are male-biased in prevalence (Volk et al., 2013 (Volk et al., , 2014 (Volk et al., , 2011 Jung et al., 2013; Windham et al., 2006; Kalkbrenner et al., 2010; Duan et al., 2018; Eguchi et al., 2018; Pedersen et al., 2004; Becerra et al., 2013; Roberts et al., 2013b; Siddique et al., 2011) . Our prior findings in experimental studies of early postnatal UFP exposure, consistent with human brain 3 rd trimester (Clancy et al., 2007b; Romijn et al., 1991) , provide biological support to such associations, showing male-specific and/or male-biased neuropathological and neurochemical changes as well as some impulsive-like and cognitive deficits associated with such disorders (Allen et al., 2013 (Allen et al., , 2014b (Allen et al., ,c, 2015 . Given the fact that these disorders are also characterized, and in some cases diagnosed by, deficits in social behaviors and communication (Bhat et al., 2014; Mier and Kirsch, 2017; Kulkarni, 2015) , the current study hypothesized that these features of such disorders might also be reproduced by UFPs and could potentially be related to changes in sex steroids. Consistent with this hypothesis, the current study found male- Entries in Open Arms (Counts) Fig. 3 . Elevated Plus Maze. Group mean ± S.E entries into closed arms (A) and into open arms (B) of male (purple colors) and female (blue colors) mice exposed to filtered air or UFP. There was a significant interaction between UFP exposure and sex on number of entries into the closed arms; however post hoc analyses separated by sex did not show significance between UFP and control animals (A). UFP exposure did not change number of entries into the open arms for the EPM (B). Asterisk indicates p ≤ 0.05; hashtag indicates p ≤ 0.6; n = 10-12/group. specific alterations in social novelty preference consisting of reduced duration of time spent in the chamber and reduced nose to nose sniffing behavior with a novel mouse rather than a rubber duck or a novel conspecific. These effects could not be attributed to a generalized social aversion, since no such changes were seen in response to a familiar conspecific mouse. Additionally, levels of T in males were reduced during the early postnatal period, suggesting that an altered steroid hormone milieu might contribute to such effects, particularly as testosterone levels in adulthood were shown to correlate positively with levels of nose to nose sniffing behavior. These findings are consistent with a prior report demonstrating that developmental exposures of mice to fine/ UFP components of air pollution (135.8 ug/m 3 ) during gestation and early postnatal development disrupted social behavior in adulthood (Church et al., 2017) . Specifically, exposures from gestational day 0.5 to 17 for 6 h/day for 7 days a week followed by postnatal exposures beginning at postnatal day 2 for 2 h/day 7 days a week until postnatal day 10, resulted as measured at 20 weeks of age, in reduced social approach behavior in both sexes, while producing a male-specific reduction in reciprocal social interactions. In the current study, postnatal UFP exposure alone induced a consistent alteration in social behavior, suggesting the potential importance of the postnatal period (human brain 3 rd trimester equivalent) to the alterations in social behavior. Moreover, exposure concentrations in the current study averaged approximately 45 ug/m 3 , i.e., approximately 2/3 lower than those in the Church et al. study (Church et al., 2017) , indicating that air pollution-associated alterations in social behavior can occur at even relatively low levels of exposure during development.
Adult social behavior is a complex phenotype comprising a variety of neurobehavioral patterns: overall gregariousness (desire to be in a social group), tendency to approach, and communication skill that are context-dependent and often are learned over time. To understand what underlying components of social behavior were disrupted by postnatal UFP exposure, we utilized a battery of social assays, including social place conditioning, social approach communication, and social recognition (Silverman et al., 2010; Crawley, 2007) . Postnatal UFP exposure decreased nose-to-nose sniff contact between novel adult males. Interestingly, this specific social deficit occurred without overt toxicity to overall social preference or recognition ability. The lack of significant decreases in the social recognition index suggests there were no deficits in social recognition between the novel and familiar mouse. Additionally, alterations in nose-to-nose communication does not seem to be mediated by large changes in fear-mediated behaviors, such as increased time in the open arms of an elevated plus maze, as males Fig. 4 . Social Conditioned Place Preference. Group mean ± S.E social preference index duration (A and C) and counts (B and D) of female (purple) and male (blue) mice exposed to filtered air or UFP from Squad 1 (top row) and Squad 2 (bottom row). There were no overt deficits in social conditioned place preference in male or female mice. In fact, there was a slight increase in Social Preference Index counts of UFP-exposed females in Squad 1 (B) . (N = 10-12) . Asterisk indicates p ≤ 0.05; hashtag indicates p ≤ 0.1; n = 10-12/group. showed no differences in total entries into or time in the open arms of the EPM. Again, females showed no changes.
Our findings highlights the susceptibility of the postnatal period as critical for adult social behavior development. This critical developmental period represents a period of rapid brain development and growth with patterns that are often sex-specific in nature in mice. The mechanisms of sex-specific brain development are often regulated by waves of steroid hormone exposure which occurring during very specific windows of development, which overlap with our exposure window (McCarthy et al., 2018 (McCarthy et al., , 2017 . In this study, exposure to UFPs for eight days between postnatal days 4-13 resulted in a decrease in serum T on day 14. The decrease in T at PND14 does not represent a generalized decrease in serum steroid concentrations, as corticosterone concentrations were not altered. Increases in T in male offspring at PND120 were suggestive, but not statistically significant, indicating a need for replication that includes repeated measures across time. However, collectively, the data suggest a change in the trajectory of T over the lifetime, which normally increases and subsequently is shown to remain constant in mice (but not rats) (Eleftheriou and Lucas, 1974; Finch et al., 1977) . Females showed no early treatment-related Analysis of phase two representing the first exposure to a novel same-sex conspecific. Group mean ± S.E. counts/minute of nose to nose sniffing of a novel mouse (A) and to a familiar mouse (B) of female mice exposed to filtered air or UFP. Group mean ± S.E. counts/minute of nose to nose sniffing of a novel mouse (C) and duration of time in seconds spent with the novel wire cup under which the novel mouse was placed (E) of male mice ex[psed to filtered air or UFPs in contrast to nose to nose sniff rates in the presence of a familiar mouse (D) and the social recognition index in the presence of a familiar mouse (F). Male mice showed significantly more nose-to-nose sniff counts compared to female mice (cf. A vs. C and B vs. D). Male mice exposed to UFPs showed significantly fewer nose-to-nose sniff counts compared to air males to the presence of a novel mouse (C) as well as a corresponding reduction in duration of time spent with the wire cup housing the novel mouse (E). Corresponding effects on nose-to-nose sniff counts were not observed in interactions with their cage mate (D). This was not attributable to a reduction in the recognition of a familiar conspecific (F). Also in phase three, there was still a marginally significant decrease in nose-to-nose sniff counts for males exposed to UFPs, when exposed to another novel mouse, while in the context of exposure to the cage mate. (N = 10-12). Asterisk indicates p ≤ 0.05; hashtag indicates p ≤ 0.1; n = 10-12/group. differences in serum T concentrations. Specific components of diesel exhaust particles, 3-methyl-4-nitrophenol, 4-nitrophenol, etc., have been shown to have both androgenic and anti-androgenic activity. Interestingly, carbon nanoparticle exposure alone did not alter serum T (Yoshida et al., 2010) . Differences in T may be due either to the composition, concentration, duration, or developmental exposure window or to the contaminants that adhere to particulate matter. Additionally, many exposure procedures are stressful with prolonged activation of the hypothalamic-pituitaryadrenal axis; cross-talk between the HPA and hypothalamic-pituitarygonadal axis can be critical to understand disruption of serum sexsteroid concentrations (Acevedo-Rodriguez et al., 2018; Viau, 2002) . Variation in the consistency of exposure protocols may influence the endocrine action of developmental AP exposure. Although testis weight at PND 14 did not significantly change in response to UFP exposures, future studies should investigate sperm production and motility. Previous studies in rodents have shown alterations in sperm quality following diesel exhaust exposures, without an overt decrease in testis weight (Li et al., 2012; Watanabe and Kurita, 2001; Watanabe and Oonuki, 1999) .
It is important to consider that decreased T concentrations at P14 likely does not define the full extent of the early disruption of neurodevelopment that was induced by postnatal UFP exposure. Increasingly, research on sex-specific brain development has identified a complex program of sex-specific brain development, which includes inflammation, epigenetics and hormones as mediators of development (Lenz et al., 2013; McCarthy et al., 2017) . Changes in serum T can be viewed instead as an indicator that typical early sex-specific brain development programming has been altered. In fact, the role of microglia specifically has been increasingly recognized to play a key role in sex-specific neurodevelopment, and in our prior studies, postnatal UFP exposures resulted in cytokine elevations and brain microglia activation that were posited to play a role in the accompanying sex-specific neuropathology, including white matter development, previously documented into adult UFP exposed males (Allen et al., 2014c,d) . Interactions between endocrine disruption and inflammatory response to UFP merits further investigation as together they play a key role in sex-specific neurodevelopment (Lenz and McCarthy, 2014; Lenz et al., 2013; McCarthy et al., 2009) . Interestingly, it has been reported that testosterone depletion, as seen here early in life, can produce astrocyte and microglial inflammation as well as enhanced permeability of the blood-brain barrier (Atallah et al., 2016) ; in prior studies we have observed male specific microglial activation in corpus callosum (Allen et al., 2014c) .
Of critical note is that the UFP exposure concentration in the current study is approximately 1/4 th the exposure of our previous studies (Allen et al., 2014d ). Reports of UFP particle concentrations in Erfurt, Germany (Wichmann and Peters, 2010) and Atlanta GA (Woo et al., 2010) ranged from 10,000-20,000 particles/cm 3 , similar to ambient UFP concentrations reported here. However, particle concentrations in Los Angeles, California, USA and Minneapolis, Minnesota, USA have been reported at 200,000-400,000/cm 3 , respectively, near highways, with peak episodic counts reaching as high as 2,000,000 particles/cm 3 in
Minneapolis (Kittelson, 2004; Westerdahl et al., 2005) . Thus, particle exposures in this study were low to moderate in environmental relevance and clearly within human-relevant ranges. In fact, our previous studies, with exposures averaging 200,000 particles/cm 3 , were 3-4x
higher than the concentrations in the current study (Allen et al., 2013) . A limitation of the present study includes determination of whether alterations in sniffing behavior in male mice may be influenced by alterations in olfactory development following UFP exposure. Future research is needed to identify differences in olfactory behavior. Multiple routes of exposure of UFP to brain are possible during this period. As noted previously, AP is a complex mixture that includes particles, gases (CO 2 , CO, NO, ozone, SO 2 ) and adsorbed volatile organic and inorganic contaminants, such as metals and trace elements (Friedlander, 1973) . Gaseous components as well as trace element contaminants may reach brain via the nasal olfactory pathways, even bypassing the blood brain barrier (Brain, 1970; Tjalve and Henriksson, 1999) . In addition, gases or particles deposited on the lining of the respiratory tract can move into the bloodstream and be transported to other body tissues (Bigazzi and Figliozzi, 2014) . The current understanding of which components of UFPs lead to the observed deficits remains unclear but is critical to understand for purposes of public health protection.
In conclusion, UFP exposure decreased serum T concentrations on PND 14 and social nose-to-nose sniff rates with novel males in adulthood, suggesting social communication deficits in unfamiliar social contexts. These decreased sniff rates were not accounted for by alterations in fear-mediated behaviors and occurred without overt deficits in social preference, recognition or communication with a familiar animal. Future studies are needed to understand the inter-connected role of the endocrine and immune systems, including microglia, in regulating sex-specific neurobehavioral development.
